Limb-sparing distal femoral endoprotheses used in cancer patients have a high risk of aseptic 17 loosening. It had been reported that young adolescent patients have a higher rate of loosening and 18 fatigue fracture of intramedullary because the implant becomes undersized as patients grow. 19
be more extensive on the medial and posterior quadrants with formation in the posterior quadrant 48 being longer in length. Although bone formation in the lateral quadrant appears to result in good 49 ossification, the frequency of occurrence is lower compared to the medial and posterior quadrants. 
METHODS 78

FE model 79
Finite Element models of the femoral bone and implant for different stages of bone growth onto 80 the implant collar were developed with a rotationally symmetric geometry (Fig.2a) to 81 approximate the observed clinical conditions for a cemented implant. The preferential pedicle 82 growth in different quadrants (medial and posterior quadrants [18] ) seen in Fig.3 was not 83 investigated as limited information on the changing geometry was available and to limit the 84 number of parameters. As structural failure of the implant stem is expected to occur near the 85 transection site at the stem-collar junction, only the porous collar and stem of the implant and the 86 distal femur were modelled. Thickness of the diaphysis was assumed to have the same outer 87 diameter as the implant collar, i.e., 24mm. As a result of bone remodeling, particularly in young 88 adolescent patients where growth occurs around the implant stem, less dense or porotic bone 89 forms at the inner diameter of the cortical shell adjacent to the cement after some time [17] . This 90 less dense layer was included with a thickness of 3 mm and models the enlarged endosteal cavity 91 of the bone. The cement was modelled to conform to the shape of the bone on one side and the 92 shape of the implant on the other as is realistic due to cement pressurization. Although known to 93 vary in thickness according to the relatively rough inner bone surface, the cement was modeled 94 as a uniform layer of 2mm thickness at the distal end. The geometry and dimensions of the implant 95 stem and collar were modeled to mimic the Stanmore extendable prostheses and was either 96 cylindrical with a diameter of 9mm or included a 0.75° taper in the stem (tapered stem shown in 97 Fig.2a ). This taper is a feature incorporated in many current implant designs and its effects were 98 investigated in validating the model. A gap was kept between the bone and implant collar at the 99 transection site as observed from radiographs (Fig.3) , modelled as 1mm wide. The implant stem 100 had a length of 150mm and the radius at the stem-collar junction was taken as 3mm. 101 (as observed from X-rays) with varying length b as 12,24,36,48mm and thickness a as 1,2,3,4mm 108 (Fig.2a) . The bridge had a respective cross-sectional area of 8, 32, 72, and 128 mm 2 . 109 110
Material properties 111
A cylindrical axis system was defined for the model and all material properties assigned 112 accordingly (Table 1) . Transversely isotropic material properties were used for the cortical bone 113
in the final models with the high modulus along the femoral diaphysis axis in line with its higher 114 stiffness [25] . In order to address the effects of the bone remodeling seen in retrievals, an 115 intermediate 'less stiff layer' between the implant-cement and cortical bone layer was modeled 116 using trabecular bone properties as porotic bone, including a potential neocortex region adjacent 117 to the cement. For the cement (PMMA) and implant (Ti-6Al-4V) isotropic material properties 118 according to table 1 were assigned. For the implant, failure criteria were chosen according to [26] 119 as 900MPa ultimate tensile strength, 830MPa yield strength, and 510MPa fatigue strength. 120
Depending on the patient age and bone quality (density), a range of bone strength values has been 121 reported in literature. For the cortical bone material assumed for the bony bridge experiencing 122 high stresses a criterion of 150MPa compressive strength, towards the lower end of the range 123 reported by [27] for human femurs, was used. 124 represent the geometry of all parts in the model. Tetrahedral elements were chosen as they are 127 better suited to irregular geometries such as the implant and bone formation. A localized mesh 128 refinement sensitivity study was carried out at the radius of the collar-stem junction, where due 129 to the cross section change stress concentration occurs. An element of edge length 1mm was 130 chosen for the implant and bone, with a mesh refinement of element edge length 0.1mm along 131 the radius of the implant at the stem-collar junction. A mesh of element size 0.75mm was assigned 132
to the cement layer in order to ensure accuracy at the interfaces (Fig.2b) . Small, local variations 133 of the stress along a line of nodes was observed due to the irregular element geometry. A low-134 pass Butterworth filter was applied to smoothen the curves without significantly changing the 135 shape and maximum values. For the case without bone growth the results from the FE analysis 136 for the implant were compared to theoretical results for the stress concentration at the 3mm radius 137 from the implant stem to the collar. The stress concentration factor was calculated based on the 138 ratio of the 3mm radius to the stem diameter and for the chosen mesh convergence with less than 139 2% error was found. The FE models contained between 1.4 million elements (no bone growth) 140 and 12 million Elements (100% growth). 141 142
Boundary conditions and loading 143
For the case of the implanted distal femur, the FE model was fixed at the proximal end prohibiting 144 movement. The maximum forces recorded during a gait cycle, i.e., when the knee is fully 145 extended, for walking was selected for use in the FE analysis and are dependent on body weight. 146
For this study a body mass of 70kg was assumed, giving a body weight of 687N and the loads 147 were calculated according to Taylor and Walker data [30] . Muscle forces or additional constraints 148
were not included in the FE model, as during the surgical procedure for bone tumour prostheses 149 in many cases the muscles around the bone are removed, even though it has been shown that their 150 system used [30] are shown in table 2. The investigation was carried out under a combined load 152 as is experienced by the femur during normal activities, applied as a surface load and 4 point 153 forces on the implant collar. This led to localized stress concentrations at the 4 point forces, but 154 it was checked that the collar length was sufficient that this did not influence the stress results at 155 the critical locations. It is expected that the first signs of fracture will occur at the point of 156 maximum combined compressive stress due to the bending and axial load on the posterior-medial 157 surface of the implant [25] . Node paths were thus defined accordingly along the Posterior-Medial 158 surface of the implant stem. Von Mises stresses were investigated for the study in all parts of the 159 model for consistency and can be related to the principal strain values usually evaluated for bone. 160
Two models were initially developed where the femur was represented as transversely isotropic 161 and isotropic. It was found that introducing anisotropy to the model had only a small effect on 162 the stress along most of the bone (less than 2% difference), with about 7% difference at the distal 163 end of the bone. 164 165
Implant geometry and interface conditions 166
The effect of a tapered implant stem compared to an un-tapered stem was investigated. As the 167 cross-sectional area of the implant stem decreases, stress is more gradually transferred on to the 168 bone. The tapered inner cement surface introduced a contact pressure between the cement and 169 implant stem surfaces, preventing the implant stem from sliding longitudinally. With an un-170 tapered stem a relatively lower stress distribution was seen along the length of the bone (up to 171 10%) with an increase in stress to the same level as the un-tapered stem at the tip of the implant 172 stem where the entire load is passed onto the bone. No change in results was seen at the stem-173 collar junction of the implant. A tapered stem as incorporated in many current implant designs 174 was thus used in the FEA results reported below. The distribution of stress in the bone and the implant is shown in Fig.4 for five geometries with 205 0% bone growth (Fig.4a/b ), 25% bone growth (Fig.4c) , 50% bone growth (Fig.4d) , 75% bone 206 growth (Fig.4e) and 100% bone growth (Fig.4f) . The high stress at the implant collar end results 207 from the load application using 4 point forces. Fig.4a for no bone growth shows the high stress 208 concentration at the implant stem-collar transition as all stress is transmitted through the limited 209 cross-section of the implant. Fig.4b shows the same results on a different color scale for 210 comparison to the results for bone growth. Reduced stress in the cortical bone at the distal end of 211 the bone interface and on the external surface of the femur compared with further along the stem 212 (less than half) can be observed. For all stages of bone growth (Fig.4c-f ) the stress at the implant 213 stem-collar transition is reduced significantly as stress is transferred through the bony bridge onto 214 the implant collar. With increasing bone growth the stress in the bony bridge reduced due to its 215 increasing cross section. Stress transfer from the corner of the implant collar to the bone is visible, 216 partially due to the assumed geometry but as well caused by the limited contact area and bone 217 bridge thickness. Fig.5a shows a zoom of the stress distribution at the implant collar and bone 218 growth for 25% bone growth. The highest von Mises stress in the bone at this location was 219 recorded and is shown in Fig.5b for the assumed 4 stages of bone growth. The recorded stress 220 reduced from 235 MPa for 25% bone growth to 65MPa for 100% bone growth. 221
222
Von Mises stresses were analyzed along the posterior medial surface of the implant and the 223 maximum stresses were found to occur at 27mm along the length of the implant at the stem-collar 224 junction (Fig.6) . The stress at this point on the surface was recorded for the five geometries of 225 12 bone. This finding is consistent with the clinical results of bone resorption around implanted 251 stems in clinical practice. The preferential load-carrying of the stiff implant is responsible for the 252 lowered stresses recorded in the femur. This result is compounded when the bone and metal are 253 intimately attached and as we modeled the attachment as a perfect bond, it is likely that the 254 recorded difference in stress between bone and implant was larger than in physiological 255 conditions where the contact will be imperfect [35] . patients is associated with growth. As a patient grows the endosteal cavity increases in diameter, 283 leaving weak bone to support the implant that fails leading to loosening [17] . Additionally the 284 stem that is inserted into a young patient has a small diameter due to the geometry of the femur, 285 but as the patient grows and loads passing through the implant increase, then the stem is at risk 286 of fracture. 287
288
In this study we have shown that bone growth over the collar of an implant reduces the magnitude 289 of stress in the stem of the implant. This effect is most noticeable at the stem-collar junction where 290 stress concentration occurs. This is the site of most mechanical failures due to fatigue fracture. 291 Therefore, it is possible that bone growth over the collar will protect the stem from large stress 292 concentrations, reducing the risk of stem fracture or implant loosening. 293
294
Bone resorption due to stress shielding is another common complication of massive 295 endoprotheses. This can lower the strength of the bone, lead to implant loosening, and increase 296 the risk of fracture. This occurs when there is a reduction in stress through the bone and in our 297 model was seen in cases where there was no bone ingrowth into the collar. We have shown that 298 osseointegration of the collar increases the stress in the proximal bone when compared to 299 implanted bone without a collar. Small amounts of osseointegration show high levels of bone 300 increased when the bone was unattached to the collar of the implant compared to conditions that 302 modeled bone integration at this point. Looking at studies of stem fracture of total hip 303 replacements, it may be the case that the increased stress, experienced when a gap is created 304 between the bone and the stem, may increase the likelihood of the stress reaching the endurance 305 limit leading to fatigue fracture. We have shown that ingrowth into the HA Collar alleviates 306 stress concentrations in this region and this is a particularly important finding when using these 307 implants in young patients. Therefore, surgeons and designers must strive to enhance ingrowth 308 no growth 25% growth 50% growth 75% growth 100% growth 
